Potato is an ideal candidate for the delivery of functional ingredients due to its high worldwide consumption. The metabolites in cooked tubers of eight diploid potato genotypes from Colombia were explored. Potato tubers were harvested, cooked, lyophilized, and then stored at −80°C. Metabolites were extracted from flesh samples and analyzed using liquid chromatography and high-resolution mass spectrometry. A total of 294 metabolites were putatively identified, of which 87 metabolites were associated with health-benefiting roles for humans, such as anticancer and anti-inflammatory properties. Two metabolites, chlorogenic acid and N-Feruloyltyramine were detected in high abundance and were mapped on to the potato metabolic pathways to predict the related biosynthetic enzymes: hydroxycinnamoyl-CoA quinate transferase (HQT) and tyramine hydroxycinnamoyl transferase (THT), respectively. The coding genes of these enzymes identified nonsynonymous single-nucleotide polymorphisms (nsSNPs) in AC09, AC64, and Russet Burbank, with the highest enzyme stability found in AC09. This is consistent with the highest presence of hydroxycinnamic acids in the AC09 genotype. The metabolites detected at high fold change, their functional ingredient properties, and their enhancement through breeding to improve health of the indigenous communities' of Colombia are discussed. 
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Potato plays a significant role in global food security as one of the most consumed non-grain crops worldwide. It thus has great potential as an excellent source of functional foods. Based on a comprehensive metabolomics approach we have identified a few functional-foods-related metabolites in cooked potato genotypes, and indicated their potential functional role on human nutrition and health. The polymorphism observed in the genes that biosynthesize these metabolites can be used to develop cisgenetic cultivars based on genome editing approach.
Introduction
Potato (Solanum tuberosum L.) is an important tuber food crop for human consumption around the world. It originated in South America over 10,000 years ago (CDC, 1999a ), but did not spread to Europe until the late 1500s (CDC, 1999b) . Now, there are more than 4,000 edible varieties of potato which play an important role in world food security (CIP, 2014) . Potato is the fourth most important staple crop for humans after maize, rice, and wheat (FAOSTAT, 2014) . More than one billion people consume potato in the world and global production has exceeded 300 million metric tons (CIP, 2014) . Most of the potato grown around the world is tetraploid, whereas diploid potato (S. tuberosum Group Phureja) is grown mainly in the Andean regions of Colombia, where it is mainly consumed as soup by the indigenous communities.
Potato has the potential to contribute to world food security by providing food to the poor and by providing food with nutritional value to developed countries. In comparison with other food crops, potato has higher yield per unit growing area. In North America, potato has a yield of 40.6 mt ha −1 on average, which is higher than anywhere else (Camire, Kubow, & Donnelly, 2009 ). Thus, potato has a great effect on nutrition and health around the world. Potato is an important source of carbohydrates, protein, dietary fiber, minerals, and vitamins, and has been shown to contribute to the prevention of nutrient deficiencies. Interestingly, potato also contains a large number of functional ingredients which can contribute to human health (Ezekiel, Singh, Sharma, & Kaur, 2013) . A functional ingredient is defined as belonging to a diverse group of compounds that can have beneficial effects on human health (Kruger & Mann, 2003) . For example, potato is a good source of polyphenols, and contains 530-1,770 μg g −1 phenolics (Al-Saikhan, Howard, & Miller, 1995) . Phenolics have become interesting functional ingredients mainly because of their antioxidants capacities. Condensed tannins have been shown to have anticarcinogenic, cardiovascular, and cholesterollowering properties (Dykes & Rooney, 2006; Gondim Junior, Barros, Silva, & Vasconcelos, 2005) . Avenanthramides are shown to be anti-inflammatory and antioxidant (Bratt et al., 2003) . Lignans are believed to reduce the risk of breast and prostate cancer (Cotterchio et al., 2006; Hooper & Cassidy, 2006) . Alkylresorcinols are believed to have antibacterial and antifungal properties (Ross, Kamal-Eldin, & Åman, 2004) . Potato is also a good source of flavonoids. Among potato varieties flavonoid concentrations varies between 200 and 300 μg g −1 FW (Lewis, Walker, Lancaster, & Sutton, 1998) . Quercetin has been shown to play a role in protecting against cardiovascular disease (Finotti & Di Majo, 2003) , diabetes, and the human immunodeficiency virus (HIV) (Li et al., 2000) . Baicalin was recently shown to be anti-inflammatory and anti-HIV-1 (Li et al., 2000) . Potato is a good source of carotenoids, and the main carotenoids present are lutein, zeaxanthin, violaxanthin, and neoxanthin. Carotenoids can play an important role in human health. β-Carotene is valued for its capacity to reduce the risk of lung cancer (Ziegler, Mayne, & Swanson, 1996) . Lycopene has been reported to reduce the risk of breast (Zhang et al., 1997) and prostate cancer (Giovannucci et al., 1995; Mills, Beeson, Phillips, & Fraser, 1989) . Lutein and zeaxanthin potentially protect against eye diseases (Snodderly, 1995; Yeum, Taylor, Tang, & Russell, 1995) . The anthocyanin fraction of potato cultivar CO112F2-2 showed a potent ability to induce apoptosis in prostate cancer cells (Reddivari, Vanamala, Chintharlapalli, Safe, & Miller, 2007) . Anthocyanins from purple potato showed the ability to suppress the growth of stomach cancer cells. Besides, some compounds in potato have been shown to play a role in preventing breast cancer (Kallio et al., 2008) , colon and liver cancer (Lee et al., 2004) , lung cancer (Shih, Chen, Wu, Jeng, & Wang, 2007) , and cardiovascular disease by lowering cholesterol levels (Camire et al., 2009) .
Metabolomics has become an excellent tool to detect a large number of biochemical compounds. Metabolomics is the comprehensive and quantitative analysis of all small molecules in a biological system (Fiehn, 2001) . Metabolomics has recently been applied to different disciplines enabling comprehensive large-scale analyses of various biochemical compounds. Nuclear magnetic resonance (NMR) and mass spectrometry (MS) are currently the two main techniques used in metabolomics studies. NMR spectroscopy is used to profile low molecular metabolites. Mass spectroscopy has been widely used to analyze large population of metabolites. Gas chromatography and mass spectrometry (GC-MS) has been used to profile volatile metabolites (Pasikanti, Ho, & Chan, 2008) , whereas liquid chromatography and high-resolution mass spectrometry (LC-HRMS) enabled identification of both volatile and nonvolatile metabolites (Allwood & Goodacre, 2010) . Thousands of metabolites can be detected and quantified based on LC-HRMS (De Vos et al., 2007; Tolstikov, Lommen, Nakanishi, Tanaka, & Fiehn, 2003) . Metabolites identified this way belonged to several chemical groups such as alkaloids, phenolics, flavonoids, polyamines, and fatty acids (Moco et al., 2006; Rischer et al., 2006) . Recently, several metabolites against biotic stress have been identified based on a non-targeted metabolomics approach using LC-HRMS (Pushpa, Yogendra, Gunnaiah, Kushalappa, & Murphy, 2014; Yogendra et al., 2014; Yogendra, Kushalappa, Sarmiento, Rodriguez, & Mosquera, 2015b) . However, studies including the large-scale discovery of functional ingredient-related metabolites in potato tubers, especially of the diploid potato, are lacking. Therefore, the objective of this study was to identify the functional ingredient-related metabolites in cooked diploid potato cultivars based on metabolic profiling. Eight potatoes advanced breeding genotypes were produced under field conditions and tubers were harvested at maturity. Metabolites were extracted from cooked tubers and identified using LC-HRMS. Metabolites with significantly higher abundance and major health benefits were selected as candidates. These metabolites were mapped in metabolic pathways to predict their biosynthetic genes. Due to sample availability, candidate genes were sequenced in genotypes AC09, AC64, and Russet Burbank; nonsynonymous single-nucleotide polymorphisms (nsSNPs) causing amino acid differences were used to explain the variations in the abundance of the metabolites. The potential application of these genes in developing potato cultivars with increased levels of FI through cisgenics is discussed.
Materials and methods

Potato genotypes
The diploid potato genotypes (Solanum tuberosum L. Group Phureja) used in this study were hybrids produced through crosses among four Criolla potato cultivars: Criolla Colombia, Criolla Guaneña, Criolla Galeras, and Criolla Latina by the Universidad Nacional de Colombia (Developed by Dr. LuisErnesto Rodriguez). The hybrids were selected based on agronomic characteristics, tuber yield potential, and resistance to Phytophthora infestans, Ralstonia solanacearum, Spongospora subterranea, Rhizoctonia solani, and potato yellow vein virus (PYVV). These hybrid genotypes are of medium height when erect with a vegetative period between 110 and 150 days, tubers are spherical with yellow skin and flesh, as well as shallow-depth eyes. From this collection eight genotypes were selected for this study.
Potato production and sample collection
Eight potato genotypes with good agronomic qualities were field grown in Nariño, Colombia. Each genotype was grown in three replicates. Recommended fertilization practices were followed. Potato tubers were harvested and stored at 4°C until use. The tubers were boiled for 30 min, skin peeled, ground in liquid nitrogen, lyophilized, and shipped with dry ice to McGill University for further analysis (Peña et al., 2015) .
Metabolite extraction and analysis
Metabolites were extracted from the lyophilized potato flesh samples using 60% aqueous methanol with 0.1% formic acid (De Vos et al., 2007) . Metabolites were analyzed using the liquid chromatography and high-resolution mass spectrometry (LC-HRMS) system (LC-ESL-LTQ Orbitrap, Thermo Fisher, Waltham, MA, USA) in negative ionization mode, fitted with a relatively polar reverse phase Kinetex column XB-C18 (5 cm × 2.1 mm) (Phenomenex, AC, USA) (Bollina et al., 2010) . Mass resolution was set at 60,000 at 400 m/z. First, all samples were run to obtain the MS1 files and then the samples of AC50 and AC51 were re-run to get the MS/MS fragmentations using a normalized collision-induced dissociation energy of 35 eV. All the data obtained were recorded in centroid mode (Yogendra et al., 2015a) .
LC-HRMS output data processing
The data files were converted into mzXML and analyzed using MZmine-2 software for mass detection, chromatogram deconvolution, identification of peaks, and retention time alignment across the samples (Pluskal, Castillo, Villar-Briones, & Orešič, 2010) . For peak identification, wavelets were used with a signal-to-noise ratio (S/N) threshold of 5, wavelet scales of 0.2-5 min, and peak duration of 0.0-5.0. RANSAC alignment was used for retention time alignment with an m/z tolerance from 0.001 to 5.0 ppm, a retention time tolerance of 0.5 min, iterations of 10,000, and a threshold value of 0.5 s. The accurate mass, retention time, and their relative intensity were exported to MS Excel; peaks that were not consistent across replications and those annotated as isotopes and adducts were eliminated from further analyses.
Identification of metabolites
Putative identification of each metabolite was made based on: (i) the monoisotopic mass (MS-1) match with metabolites reported in different databases with an accurate mass error of (AME < 5 ppm): plant metabolic network (PMN, 2013), LIPIDMAPS, and KEGG ; (ii) MS/ MS fragmentation pattern of metabolites in house spiked MS/MS library MASSBANK, METLIN, and MS2T; (iii) in silico fragmentation as described previously (Gunnaiah, Kushalappa, Duggavathi, Fox, & Somers, 2012) . The metabolites with putative identification were classified according to chemical groups based on referenced databases such as PubChem and PMN . The metabolites identified in cooked potatoes were further confirmed using an in-house uncooked tuber metabolite database based on the Shepody cultivar.
Functional ingredients-related properties of metabolites
Functional ingredient properties of the identified metabolites were searched in databases and the relevant literature. Anticancer related metabolites were confirmed through the NPACT database (Mangal, Sagar, Singh, Raghava, & Agarwal, 2013) .
Statistical analysis
Treatments were replicated three times and assigned to a randomized complete block design (RCBD). The abundances of metabolites were normalized relative to abundance in the genotype AC04 to derive relative fold change for a given metabolite. All the data were subjected to analysis of variance to compare eight different genotypes and to indicate significance based on one-way ANOVA using MS Excel. Tukey's test was applied to reveal the statistical significance of differences between genotype pairs.
Cloning and sequencing of functional ingredient biosynthetic candidate genes from the phenylpropanoid pathway
PCR amplification was done in genotypes AC09, AC64, and Russet Burbank, for which the uncooked samples were available, for the coding region of HQT and THT candidate genes using potato genomic DNA (200 ng μl −1 ) as a template and Taq Polymerase (Takara, CA, USA). The PCR cycling protocol was as follows: 95°C for 3 min-one cycle; 95°C for 30 s, 56-57°C for 30 s, and 72°C for 90 s-40 cycles; final extension at 72°C for 8 min. The amplified PCR products were cloned into the pGEM-T Easy Vector (Promega, UK). The ligated products were transformed into competent cells of E.coli. After getting positive colony PCR results, the plasmids were isolated using the Zyppy™ Plasmid Miniprep Kit (Zymo Research, CA, USA) and sent for DNA sequencing, which was done at Genome Québec in Montreal, Canada, using the ABI automated DNA sequencer. DNA sequences were aligned using BioEdit (http:// www.mbio.ncsu.edu/BioEdit/bioedit.html) and then were converted to amino acid sequences using the ExPASy translate tool (http://web.expasy.org/translate/). Multiple sequence alignments were conducted for the amino acid sequences of AC09, AC64, and Russet Burbank genotypes; and GenBank sequences for HQT and THT candidate genes using the ClustalX tool, with default parameters. Amino acid substitutions were identified between AC09 and AC64 genotypes, and their effects on protein stability was predicted by estimating the relative stability changes (ΔΔG value) upon protein mutation using I-Mutant2.0 (Capriotti, Fariselli, & Casadio, 2005) , where ΔΔG < 0 indicates the reduced stability of proteins.
Results
Metabolic profiles of cooked potatoes
A total of 294 metabolites were detected in the cooked potatoes from 8 genotypes. The metabolites belonged to different chemical groups, including 20% fatty acids and acyls, 10% terpenoids, 10% flavoniods, 6% alkaloids, 4% amino acids, and 4% phenylpropanoids (Figure 1) . The chemical groups of heterocyclic compounds, glycerophospholipids, polyketides, nucleic acids, hydrocarbons, prenol lipids, and carbohydrates comprised 9, 8, 5, 4, 4, 3, and 3%, respectively. Other metabolites belonging to chemical groups including sulfur compounds, carboxylic acids, sterol lipids, and amides were also detected.
Among the eight genotypes, the highest number of metabolites was identified in genotype AC51 and AC52, with 281 and 280 metabolites, respectively. A total of 278 metabolites were identified in both AC50 and AC63. AC59 and AC64 had 276 and 272 metabolites, respectively. The lowest numbers of metabolites were identified in AC04 and AC09 with 270 and 271 metabolites, respectively (Figure 2 ). 
Functional ingredients related metabolites in cooked diploid potatoes
Out of 294 metabolites identified in cooked Colombian diploid potatoes from 8 genotypes, 87 were reported to exhibit important human health benefits, including anticancer, anti-inflammatory, antimicrobial, antioxidant, and anti-HIV properties (Cavin, Hostettmann, Dyatmyko, & Potterat, 1998; Chen et al., 2004; Zhu et al., 2012) . Three out of eight phenylpropanoids identified have shown health benefits like antidiabetic, antioxidant, and anticancer effects. Out of 21 metabolites that were classified as flavonoids, six have anticancer effects, and two have anti-inflammatory and antimicrobial properties. Out of 26 terpenoid metabolites, 14 have human health benefits including anticancer, antioxidant, and antiapoptotic effects. The 49 fatty acids and acyls have exhibited diverse health-related benefits such as anti-HIV-1, antimicrobial, antiviral, and anti-inflammatory properties (Figure 3 ).
Relative abundances of functional ingredients metabolites among genotypes
Out of 87 metabolites with reported human health benefits, only 46 have been previously reported in plants. Both the intensities and fold change of metabolites significantly varied among the eight genotypes. The fold change was calculated relative to the abundance in genotype AC04. The genotype AC51 had the highest fold changes of 46 and 80, for the metabolites linolenic acid and γ-Linolenic acid, respectively. The genotype AC63 had the highest fold change of 7 for the metabolite N-Feruloyltyramine, followed by AC 59 (FC = 3.3) and AC09 (FC = 2.5). A high fold change of 5 was observed in AC64 for the metabolite Cucurbitacin F (Table 1, Figure 4 ).
Impact of cooking on metabolite structure
The occurrence of compounds detected in cooked potato was confirmed based on an in-house metabolite library of compounds detected in uncooked potato, from the cultivar Shepody (Solanum tuberosum L.). Several metabolites such as chlorogenate, N-Feruloyltyramine, linoleic acid, and γ-Linolenic acid were detected in both cooked and uncooked potato (Table 1, Figure 5 ).
Difference in coding sequences of FI biosynthetic genes between AC09 and AC64 genotypes
The DNA of two FI metabolite biosynthetic genes, HQT and THT, was sequenced in AC09 and AC64, for which uncooked samples were available. These sequences were compared to potato database sequences, and multiple sequence alignment of amino acids was done to identify polymorphisms. The amino acids from the AC09 genotype varied compared to AC64 at six positions for HQT, and at only one position for THT (Table 2, Figure 6 ). The relative free energy ΔΔG > 0 indicated that AC09 has a greater enzyme stability than AC64for all the amino acid substitutions, in both HQT and THT (Table 2) 
Discussion
Potato has the potential to contribute to global food security by providing food to the poor and also by providing food with increased nutritional value to developed countries. Indigenous communities in the Nariño area of Colombia are impoverished and their food security is precarious. The people there consume potatoes mainly as cooked potato soup rather than French fries or potato chips. In this study, we have identified several metabolites with important health benefits, and their role in improving diet and health is discussed. 1.0 1.5 0.9 3.1 0.9 1.5 1.8 1.5
Chlorogenic acid
This hydroxycinnamic acid was detected in all eight genotypes, and the abundance of this compound significantly varied among all genotypes. AC09 had the highest fold change of 1.2, while AC64 had the lowest fold change of 0.5. The concentration of chlorogenate was previously reported to range from 9.65 ± 0.49 to 18.7 ± 12.10 mg 100 g −1 of fresh weight among potato cultivars (Dao & Friedman, 1992) . In boiled potatoes, the highest amount was 31.9 ± 1.0 mg 100 g −1 of freeze-dried weight (Dao & Friedman, 1992) . Chlorogenic acid can also be found in bamboo, Phyllostachys edulis (Kweon, Hwang, & Sung, 2001) , and in many other plants such as apple (mean values 30-60 mg kg in peach (Cheng & Crisosto, 1995) , prunes (184 mg 100 g −1 ) (Stacewicz-Sapuntzakis, Bowen, Hussain, Damayanti-Wood, & Farnsworth, 2001) , and green coffee bean extracts (Khalesi et al., 2014) . Chlorogenate has been reported to show antioxidant properties, such as the protection of blood granulocytes from oxidative stress (Bouayed, Rammal, Dicko, Younos, & Soulimani, 2007; Marinova, Toneva, & Yanishlieva, 2009) , and it exhibits scavenging abilities of organic free radicals and peroxy radicals (Kono et al., 1997) . It can also increase the resistance of LDL (low-density lipoprotein) and exhibit antilipidemic and antidiabetic effects (Shafi & Tabassum, 2013) . Furthermore, it shows anticarcinogenic effects, such as the inhibition of chemical-induced carcinogenesis in rats and hamsters (Rakshit et al., 2010) , antiproliferative effects on HepG2 cells (Zhang, Guo, Shangguan, Zheng, & Wang, 2012) , and apoptosis induction of Bcr-Abl + chronic myeloid leukemia (CML) cell lines (Rakshit et al., 2010) .
N-Feruloyltyramine
This hydroxycinnamic acid amide was detected in all eight genotypes and its abundance was the highest in AC63 (FC = 7.1), followed by AC59 (FC = 3.3), AC09 (FC = 2.5) and AC64 (FC = 1.2). In addition, N-Feruloyltyramine in potato imparts resistance to late blight disease (Yogendra et al., , 2015a . This compound was previously reported in Tinospora crispa Miers as exhibiting antioxidant and radical scavenging properties (Cavin et al., 1998) . It has also been reported to show strong anti-inflammatory effects mediated by the inhibition of arachidonate 5-lipoxygenase (Al-Taweel et al., 2012) . It also exhibits strong anti-nitric oxide (Anti-NO) activity (Yokozawa, Wang, Chen, & Hattori, 2000) . It also has anti-obesity properties because of its inhibition of pancreatic lipase (Ahn et al., 2013) .
Effect of amino acid substitutions on FI metabolite biosynthetic gene expression and metabolite abundance
The biosynthetic genes HQT and THT, that biosynthesized chlorogenic acid and N-Feruloyltyramine metabolites, were analyzed in AC09 and AC64 genotypes; as fresh uncooked samples were available only for these two genotypes. The coding regions of HQT and THT were sequenced to identify polymorphisms. High fold change metabolites in AC09 genotype were considered to be due to variation in biosynthetic gene sequence between AC09 and AC64 genotypes, which resulted in changes in the amino acids they code for, consequently affecting gene expression and enzyme stability (Capriotti et al., 2005) . The amino acid substitutions of H250N, L258I, T269A, P273A, M321R, and R328H in HQT and F148S in THT in AC64 genotype, which were different from that of high abundance genotypes tested here, were used to assess enzyme stability (Table 1 , letters indicate amino acids). Further studies are needed that explore other genotypes in order to find one with very high amounts of these metabolites. We have identified only the genes directly involved in the biosynthesis of these metabolites. However, these genes are generally regulated by several other genes, such as transcription factors and phytohormones, and these also should be explored for their potential application in breeding.
Genome editing to improve functional ingredient metabolites
The functional genes we have identified here, especially concerning chlorogenic acid, and the associated regulatory genes to be identified in future can be used to replace the nonfunctional genes in commercial potato cultivars in order to enhance FI metabolites. Since potato is difficult to breed, owing to sexual incompatibility, the latest genome editing technologies can be used to replace nonfunctional genes with the functional genes that we reported here (Shan, Wang, Li, & Gao, 2014) . Transgenic approaches have been used to increase the carotenoids in potato, by overexpressing three genes CrtB, CrtI, and CrtY from bacteria, which resulted in a 20-fold increase in carotenoids and a 3,600-fold of β-carotene (Diretto et al., 2007) . The overexpression of a bacterial phytoene synthase increased the carotenoids content from 5.6 to 35 μg g −1 DW (Ducreux et al., 2005) . However, the public is against transgenics, and they prefer cisgenic (gene transfer from sexually compatible plants) (Telem et al., 2013) . Cisgenic approaches have been used to enhance the antioxidant capacity of apples (Espley et al., 2007) and to improve the apple scab resistance (Vanblaere et al., 2011) as well as the late blight resistance of potato (Park et al., 2005) . 
Conclusion
In this study, we have reported several functional ingredient metabolites and ranked them based on the abundance relative to one genotype, AC04. The metabolites were selected based on their major health benefits such as anticancer, anti-inflammatory, antimicrobial, antioxidant, and anti-HIV properties. The results showed that different genotypes can be explored for important metabolites which showed health benefiting properties. Two metabolites, chlorogenic acid and N-Feruloyltyramine, were further explored for variations in gene expression, allelic variation in gene sequence, and to select candidate genes. Following validation, the FI metabolites or the genes involved in the biosynthesis of most significant FI metabolites can be used as potential biomarkers in breeding to improve the amounts of these metabolites. Specific genotypes with high abundance of functional ingredients reported here can be used in the Colombian breeding programs to increase a specific metabolite. Alternatively, similar studies can be conducted on other potato cultivars to explore high abundance of a given metabolite, and in turn this cultivar can be used in breeding programs to enhance the compound based on cisgenics (Jacobsen, 2013) .
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